Introduction
Intramedullary nailing has become a standard procedure of most displaced tibial shaft fractures [1] [2] [3] , combining high mechanical stability with biological advantages in internal fixation [4] . With upcoming implant technology, indication for intramedullary tibial nailing has extended towards extraarticular fractures of the distal third of the bone [5, 6] . This change is accompanied by adverse effects like high rates of delayed bone healing, nonunion or malalignment and an incidence of distal locking screw failure ranging from 6 % to 14 % [1, 3, 7, 8] . Due to the anatomical fact that the intramedullary canal flares towards distal, loading of the nailscrew interface is emphasized by reduced nail-bone contact [9] . A milestone was the introduction of the angle stable locking principle for nail interlocking, which is already well established for plate osteosynthesis [10] of distal tibial fractures [11] . Compared with conventional distal locking screws, previous in vitro studies [12] [13] [14] revealed higher construct stiffness and less fracture gap motion when angle stable distal locking screws were used. However, a difference in cycles and load to failure, indicating an improved fatigue life due to angular stability, was not investigated in these studies.
In delayed fracture healing, higher shear forces have to be transmitted by the implant for longer time periods. Particularly in small diameter nails breakage of locking screws becomes a problem, increasing the importance of installing an adequate fatigue strength [15] .
Angle stable distal locking of the Expert Tibial Nail (Synthes GmbH, Solothurn, Switzerland) with angle stable locking screws (ASLS) might be associated with a lower screw breakage rate, since screws toggle less inside the nail. Angular stability is achieved with special conical locking screws and a 70:30 poly(L-lactide-co-D, L-lactide) sleeve spread in the locking hole of the nail during screw insertion.
The purpose of this in vitro study was to compare the fatigue performance of the distal screw-nail interface locked with angle stable versus conventional locking screws in a tibial nail construct under cyclic axial loading.
Materials and methods

Study groups
Twelve medium, left, fourth generation, composite human tibiae (Sawbone Europe, Malmö, Sweden, Ref. nr. 3401) were used in this study. This surrogate bone was chosen because it provides a stable screw purchase in order to avoid failure at the bone-screw interface and the influence of varying bone quality on the results.
The intramedullary canal of the surrogate bone was overreamed up to 13 mm and the distal end was cut at 6.7 cm to allow tilting of the distal fragment and to mimic a clinical situation of an unstable distal third of the tibial, where the intramedullary canal flares towards the distal end of the bone. Cannulated 10 mm diameter Expert Tibial Nails (Synthes GmbH, Solothurn, Switzerland) were used in this study. The choice of this nail diameter was based on the wide use of this nail size as well as on the findings of previous studies who report screw and nail breakage in small diameter nails [3, 15] . The Expert Tibial Nail was implanted in the distal part of the synthetic bone and two distal locking holes in the mediolateral plane were drilled via a custom-made distal aiming arm (see Fig. 1 ).
Distal locking was performed with either conventional locking screws or angle stable locking screws. Six specimens were instrumented per group (n06). In the conventional locking (CL) group, nails were locked distally with two 5.0 mm conventional locking screws with bicortical purchase in the mediolateral plane. In the angle stable locking (ASLS) group, nails were locked distally with two 5.0 mm angle stable screws with biodegradable 70:30 poly(Llactide-co-D, L-lactide) (P(L/DL)LA) sleeves (ASLS; Synthes GmbH, Solothurn, Switzerland). Nails were cut 14.7 cm proximal to the distal tip, just below the curvature, to avoid influence of nail bending on the results. The medial malleolus of the synthetic bone was cut and the distal end of the surrogate bone was potted in polymethylmethacrylate (PMMA) in a custom made metal jig. Nails and screws were made of titanium aluminum niobium alloy (TiAl6Nb7). The screws were self-tapping.
Mechanical testing
Mechanical testing was performed on a servohydraulic test system (Bionix 858; MTS Systems, Eden Prairie, MN, USA) with a 25 kN load-cell. The proximal end of the nail was rigidly fixed to the actuator of the testing machine using a chuck. The custom made metal jig with the embedded surrogate bone was connected to the load-cell of the testing machine via a ball-and-socket joint aligned with the nail axis. An x-y table was placed between test fixture and loadcell in order to provide the necessary degrees of freedom (see Fig. 2 ).
First, non-destructive quasi-static testing was performed. After one settling cycle, construct stiffness was determined from the load-displacement curve within the linear elastic range from 200 N to 500 N. Subsequently, cyclic mechanical testing was performed at a rate of 5 Hz under sinusoidal axial compression. The frequency generally used in fatigue Fig. 1 Custom-made aiming arm. Aiming device for distal locking hole drilling was used to ensure a standardized positioning of the drill holes and to minimize influence of varying drill hole positions on the results. Plastic bars were mounted on the nail to provide a standardized positioning of the nail in the overdrilled hole of the surrogate bone. Plastic bars were removed before locking screw setting testings (20 Hz) was set down to 5 Hz to respect the in vivo loading conditions, being close to the frequency of fast running. The first cycle of the test ranged from 100 N (valley) to 1,300 N (peak). The peak level was then regularly increased at 0.02 N/cycle until catastrophic failure of the locking screws occurred. The principle of fatigue testing with regularly increasing load levels has been proven useful previously [16] . To provide a reasonable cycle number necessary for fatigue testing, the cyclic test was designed such that failure occurred not before 100,000 cycles in both groups.
Data acquisition and analysis
Axial load and axial displacement were recorded from the test system's transducers at a frequency of 64 Hz. Construct failure was defined as axial displacement of >3 mm. This value was considered reasonable from preceding pilot experiments. Number of cycles to failure and load to failure were determined from the displacement progression of the machine data. Construct stiffness was calculated from the load displacement curve of the machine data in the linear-elastic region (200-500 N) at the beginning of the test after a settling cycle.
The second moment of area was calculated based on the screw diameter at the screw breakage level for ASLS screws and conventional screws.
Statistical analysis was performed with the use of SPSS software (SPSS 14.0.2; SPSS, Chicago, USA). Data did not reveal normal distribution within each group as indicated by the Shapiro-Wilk test. For the detection of significant differences between the two groups regarding axial stiffness and cycles to failure, the Mann-Whitney U test was used. Significance was defined as p<0.05.
Results
Construct stiffness
The specimens locked with ASLS screws revealed a significantly higher construct stiffness (7, 809 N/mm±647, mean± standard deviation) compared to the specimens locked with conventional locking screws (6,614 N/mm±859, p00.025).
Failure mode
All specimens failed by breakage of one or two screws. We did not observe any nail breakage or fracture of the surrogate bone. Detailed failure analysis is given in Table 1 . Figure 3 shows the predominant failure modes of both groups.
Second moment of area
The second moment of area was I y 022.99 mm 4 for ASLS screws and I y 023.35 mm 4 for conventional locking screws.
Fatigue performance
Fatigue performance of both groups is shown in Table 2 . The ASLS group exhibited a significantly longer fatigue life, expressed in a higher number of cycles to failure and correspondingly a higher load to failure. Differences between the groups were statistically significant (p00.004). Fig. 2 Test setup. The tibial nail was cut proximally and directly fixed to the actuator of the test system. The nail axis was aligned with the machine axis. The embedded specimen was connected distally via a ball-and-socket-joint and an x-y table to ensure a statically determined system 
Discussion
This study compares the fatigue performance of nail constructs with or without angle stable distal interlocking with regard to clinical application. This in vitro study focused on the fatigue behaviour of the interlocking screws and does not include human body environment, which could have influence on corrosion fatigue. The ASLS sleeve consists of a biodegradable polymer which degrades within 18-24 months. Considering the time period of fracture consolidation, we found this aspect dispensable. Our model assumes that the distal locking screws carry the complete load. We applied a single axial force, since the tibial is mainly loaded in axial compression. Two distal locking screws were used in this study. This configuration is widely applied in clinical practice [3, 6, 17, 18] . Screw failure could be predetermined mechanically by the second moment of area as a measure for resistance against bending. This parameter is influenced by the fourth power of the diameter for rods [3, 15, 19] . With regard to screw breakage it is therefore advisable to increase the screw diameter rather than using more screws with smaller diameter [17] , whereas the stress at the screw-bone interface could be reduced by increasing the number of screws which enlarges the screw-bone contact area. We calculated the second moment of area for both ASLS screws and conventional screws to exclude an influence of the screw geometry on the observed differences in fatigue life of both constructs. The second moment of area was found comparable for both screw types, which suggests attributing the longer fatigue life to the concept of angle stable locking providing a superior screw-nail interface.
The angle stable locking system ensures mechanical coupling between nail, sleeve and screw by placing the P(L/ DL)LA inlet press-fit in between nail hole and screw. It is assumed that this "elastic" configuration results in an even load sharing between the transverse interlocking elements. In contrast, the conventional fixation is likely to be afflicted to an unbalanced distribution of the load. From a mechanical standpoint this configuration is undefined since an adverse "double-fit" of both screws exists. Due to inaccuracies in screw placement one screw is likely to take the bulk of the load while the other lacks contact to the nail. As a result the screws fail successively by overloading like in our study where we observed screw breakage of both screws for all conventional screws; whereas in the ASLS group, in some specimens only one screw was broken while the other was bent.
Another important aspect is the toggling of the screws inside the hole in case of conventional fixation. Within the play of the screw this "loose-lock" stability [20] might contribute to accentuated peak forces in the event of contact between rigid screw and nail material. When using ASLS, the sleeve might create a superior condition of continuous load transfer and may act as an additional shock absorber truncating force peaks. Angle stable locking diminishes screw toggling as indicated by increased construct stiffness, which contributes to interfragmentary stability at the fracture site [21] .
Previous studies [12, 14] focused mainly on the anchoring effect of ASLS screws within the bone. In contrast, the present experiment investigates the nail-screw connection, revealing a clear advantage of the angle stable locking concept. Screw loosening and bone fracture around the implant observed previously [12] could be avoided in the present study by using composite bones. However, Fig. 3 Main screw failure modes of the groups. Screws in the angle stable locking (ASLS) group predominantly failed by breakage of one screw and bending of the other (a), whereas in the conventional locking (CL) group failure occurred in breakage of both screws (b) loosening of the screws in the bone indicates that the bone/ screw interface may represent a weak point of the entire repair construct, especially in osteoporotic bone [12] [13] [14] . Fatigue performance of the fixation constructs is an important mechanical property, especially if they act as load bearing devices over a long time period. Delayed union, comminution, metaphyseal location, dynamic locking of unstable fractures and bilateral tibial fractures contribute to hardware failure such as locking screw breakage [3, 15, 22] .
Translation of the load cycle magnitudes into a clinical context is difficult, since patient activity and degree of postoperative load bearing range widely [17, 23, 24] . Concerning the load levels, already the start point of the cyclic test (1,300 N) corresponds to 1.9-fold body weight of a 70 kg person which indicates a sufficient load bearing capacity of either conventional or ASLS screws and does not explain screw failure. The process of implant fatigue consists of three stages: initial fatigue damage leading to crack nucleation and crack initiation, progressive cyclic growth of a crack (crack propagation) until the remaining uncracked section of a part becomes too weak to sustain the loads imposed, and finally sudden fracture of the remaining cross section appears [25] . This process explains why fatigue failure mainly occurs under cyclic stresses well below the static yield strength of the material. Ultimate loads to failure are of limited value to predict the fatigue behavior of an object. It is the cyclic activity which maintains the process. If a strategy of early postoperative weight bearing is aimed with a high number of cycles and if the stress on the screws could not be reduced by other means like cortical support in the fracture zone, a sustainable configuration of the fixation hardware should be used. This could be achieved by using larger screw diameter [15, 17] or by the concept of angle stable fixation.
Conclusion
Angle stable interlocking screws revealed a significantly longer fatigue life than conventional locking screws. This finding is especially important for cases of unstable fractures including tibial fractures in the distal third, delayed fracture healing, bilateral fractures, patient's incompliance and generally for nailing constructs where the fixation hardware is exposed to accentuated physiological loading over long periods.
